A GFP adenovirus was used to label intrinsic connecintrinsic connections and V2 to V1 feedback. Both contions arising from cells in parts of V1 mapped for orientanections cover portions of V1 representing regions of tion and visuotopy ( Figure 1A ). The virus produces GFP visual space up to eight times larger than receptive in both glia and neurons. In neurons, GFP fills somata fields as classically defined, though the intrinsic conand dendrites in addition to strongly labeling axons (Fignections are an order of magnitude denser than the ure 1B). Labeled cell numbers are controlled by the injecfeedback. Whereas the intrinsic connections link simition sizes, and the cells are limited to well defined injeclarly oriented domains in V1, V2 to V1 feedback distion sites ( Figure 1C ). The only existent tracer is that plays no such specificity. These findings suggest that translated in infected cells, and it is absent from the V1 intrinsic horizontal connections provide a more extracellular space, allowing both the unambiguous delikely substrate for contour integration. marcation of injection sites and counting of labeled cells. Also, because GFP expression always originates in nuIntroduction clei, all cell bodies with labeled axons can be identified. These somata virtually always lay in the injection sites, Neurons in V1 analyze not just the attributes of local indicating that the virus neither labels axons of passage features, such as orientation, but also the global characnor acts retrogradely. teristics of extended contours. Superficial V1 neurons Injections in superficial V1 yield dense, continuous are sensitive to complex stimuli occupying larger areas labels of horizontally extending axons within 400-500 than indicated by their responses to simple stimuli, and m that coalesce into patches beyond that distance this sensitivity depends on the geometry of the stimulus (Figures 2A and 2B) . The axons were imaged using concomponents (Nelson and Frost, 1985; Kapadia et al., focal microscopy, providing high resolution not only 1995, 1999, 2000). For example, a V1 neuron's response within the plane of section, but also in depth. Reconto a bar in the center of its receptive field (RF) can be structions were assembled from multiple z stacks-‫05ف‬ facilitated by a flanking iso-oriented, colinear bar that depth planes into which each cortical slice was optically does not elicit a response if presented alone (Kapadia et sectioned-within grids covering the projections, as evial., 1995, 1999). Human observers exhibit a comparable dent in the tiled appearance of Figure 2A . Axon patches increased ability to detect a dim bar in the presence continue across adjacent sections, demonstrating that of a flank, and the geometric constraints limiting such the intrinsic connections form columns of label throughfacilitation in both V1 neuronal and human performance out the superficial layers ( Figures 2C and 2D) . The farare identical. It has been proposed that V1 selectivity thest-extending axons produce patches 3.5 mm away to such stimuli is mediated by long-range horizontal from the injections. To relate the axonal patterns to funcconnections intrinsic to V1 (Gilbert and Wiesel, 1979, tional maps, the axons were hand-traced from the con-1983; Rockland and Lund, 1982; Gilbert et al., 2000).
a 10Ј ϫ 10Ј grid of the visuotopic projection. Labeled axons extend to portions of V1 representing parts of visual space almost 2Њ away from the injection. Superimposing a 2D rendering of axonal density upon the portion of visual space represented by the labeled region of V1 reveals that this intrinsic projection, stretching nearly 4Њ end to end, covers an area eight times the linear extent of the minimum response fields for neurons in superficial V1, which average 0.5Њ in length at this eccentricity (Figure 4C) .
Our mapping also allowed us to determine the relation between visuotopy and ocular dominance (OD, Figure  5 ). As previously observed, the OD columns run anteroposteriorly near the lunate sulcus and orthogonally intersect the V1/V2 border ( Figure 5C ; LeVay et al., 1975) . ( Figure 5D ). This result, found throughout our experi-7B). At distances beyond 400-500 m from the injection sites, however, the projections become much more spements, is consistent with a similar comparison between the columns and visuotopic map shown earlier (Hubel cific for orientation. The orientation distributions of horizontal connections beyond 1 mm diameter circles cenand Freeman, 1977) and indicates an even finer correspondence between the visuotopic grid and local tered on the injections take the form of bell curves with peaks centered at the same orientations as the injection changes in the direction of OD columns. This finding also corresponds well with a theoretical study of ocular sites ( Figures 7C and 7F ) and having bandwidths of roughly 60Њ. The intrinsic connections therefore show a dominance stripe orientation based upon the constraints of binocular disparity processing (Chklovskii, pattern of like-to-like connections between columns of the same orientation, with some amount of scatter. 2000).
Visuotopy and Density of Feedback Connections Clustering and Orientation Specificity from V2 to V1 of the Intrinsic Horizontal Connections
Feedback connections from V2 to the same region of Clustering of the intrinsic connections was assessed by V1 were labeled by injecting the GFP adenovirus into autocorrelation ( Figure 3B ). The correlogram exhibits columns of cells (including both superficial and deep the expected peak at the center corresponding to multilayers) in V2 near the lunate sulcus ( Figure 8 ). As preplication of the axonal map by itself with no shift. Peaks viously reported, individual feedback axons rise from with 0.75 mm spacing are also present and indicate that the white matter to layer 1 then turn to run parallel to the axonal distribution has a patchy pattern of 0.75 mm the cortical surface, occasionally sending off collaterals periodicity. The spacing of these patches matches the to layer 2 (Rockland and Virga, 1989). The projection is width of one orientation hypercolumn in V1, suggesting strongest within 100 m from the cortical surface and, a relationship between the two. This relationship was with greater depth, becomes less widespread and less confirmed when the intrinsic projections from smaller dense ( Figure 8C ). Figure 9A depicts the feedback proinjections, restricted to limited ranges of orientations, jection in superficial V1 from a smaller V2 injection. Both were compared with optical imaging orientation maps larger and smaller injections produce feedback in V1 of the same regions of cortex. For this analysis, intrinsic stretching 6 mm end to end, comparable to the extent connections reconstructed from tangential sections of the intrinsic connections. were warped, using vertically oriented blood vessels A 2D plot depicting the visuotopic extent of feedback as fiduciary marks, to align precisely with the cortical resulting from the larger injection indicates that, like the surface vasculature imaged in vivo. Although the vessels intrinsic connections, V2 feedback extends over an area in the tissue slices could be made to line up roughly of cortex representing a wider portion of visual space with the surface vessels viewed in vivo by global warping (approximately 2.5Њ end to end) than the minimum reprocedures such as resizing and/or rotation of the entire sponse fields of superficial layer neurons ( Figure 8D ). slices, these manipulations often left discrepancies beHowever, comparison of the density of intrinsic and tween the two maps of as much as 400 m (Figure 6 the most clustering is that resulting from the largest injection (falling in a cytochrome oxidase (CO) dark stripe; Figure 8A ). This projection's autocorrelogram exhibits modulation similar in magnitude to that of the intrinsic connections but with a peak-to-peak spacing of the axonal projection is flat ( Figure 12C , dark yellow cases, we split the feedback pattern into a central zone (circle of 500 m radius) and a distal zone (the complebars). This nonspecificity of V2 to V1 feedback was found in two additional V2 feedback projections, including a ment) and found both zones equally uncorrelated with orientation. In sum, although the V2 injections were resecond pale stripe injection ( Figure 12D ). For all four 
